Enhanced effect of daytime restricted feeding on the circadian rhythm of streptozotocin-induced type 2 diabetic rats. Am J Physiol Endocrinol Metab 302: E1027-E1035, 2012. First published February 7, 2011 doi:10.1152/ajpendo.00651.2011There is increasing awareness of the link between impaired circadian clocks and multiple metabolic diseases. However, the impairment of the circadian clock by type 2 diabetes has not been fully elucidated. To understand whether and how the function of circadian clock is impaired under the diabetic condition, we examined not only the expression of circadian genes in the heart and pineal gland but also the behavioral rhythm of type 2 diabetic and control rats in both the nighttime restricted feeding (NRF) and daytime restricted feeding (DRF) conditions. In the NRF condition, the circadian expression of clock genes in the heart and pineal gland was conserved in the diabetic rats, being similar to that in the control rats. DRF shifted the circadian phases of peripheral clock genes more efficiently in the diabetic rats than those in the control rats. Moreover, the activity rhythm of rats in the diabetic group was completely shifted from the dark phase to the light phase after 5 days of DRF treatment, whereas the activity rhythm of rats in the control group was still under the control of the suprachiasmatic nucleus (SCN) after the same DRF treatment. Furthermore, the serum glucose rhythm of type 2 diabetic rats was also shifted and controlled by the external feeding schedule, ignoring the SCN rhythm. Therefore, DRF shows stronger effect on the reentrainment of circadian rhythm in the type 2 diabetic rats, suggesting that the circadian system in diabetes is unstable and more easily shifted by feeding stimuli. daytime restricted feeding; Clock genes; type 2 diabetes; pineal gland; heart LIFE ON EARTH IS GOVERNED by the 24-h light-dark (LD) environmental cycle. Numerous physiological processes such as sleep-wake cycle, behavior activity, cardiovascular function, etc., are coordinated to this 24-h cycle by an internal circadian timing system that is comprised of a hierarchy of circadian clocks (11, 25, 45) . The mechanism underlying circadian clocks is composed of a set of interlocking transcription/translation feedback loops involving multiple clock genes [Clock, Bmal1, Per(s), Cry(s), Dec(s)] and their proteins (23, 28). These circadian clocks reside not only in the hypothalamic suprachiasmatic nucleus (SCN), which is recognized as the master clock, but also in almost all peripheral tissues, including liver, heart, and pineal gland (28, 30, 44) .
Malfunction of the biological clock is commonly present in our daily life. The modern lifestyle, including shift work, nocturnal activity, and late-night dietary, easily causes internal dyschronization. There is increasing awareness of the link between impaired circadian clocks and multiple metabolic diseases (26, 33) . It has been demonstrated that Clock mutant mice have an attenuated feeding rhythm and develop metabolic syndrome, including hyperglycemia and hyperlipidemia (36) . Woon et al. (39) provide evidence of a causative role of Bmal1 variants in pathological components of the metabolic syndrome, type 2 diabetes, and hypertension. The genetic variation in the Clock gene may play a role in the development of type 2 diabetes and cardiovascular disease (31) . Thus, type 2 diabetes and cardiovascular disease are recognized as a result of the disturbance of the internal circadian system. On the other hand, it has been found that rat-1 fibroblasts treated with glucose displayed downregulation of Per1 and Per2 and rhythmic gene expression patterns (18) . Glucose was also found to shift the circadian phase of Per2 in the SCN of rats (19) . It has been shown that the local cerebral metabolic rate for glucose is altered during circadian food-anticipatory activity in rats (10) , and lesions of glucose-responsive neurons impair synchronizing effects of calorie restriction in mice (7) . In type 2 diabetes, the metabolic regulatory systems are corrupted and therefore induce high levels of serum glucose. It has been revealed that the rhythmic expression of peripheral clock genes is attenuated in the liver and visceral adipose tissues of type 2 diabetes mice (3) and peripheral leucocytes of patients with type 2 diabetes (1) under the normal lighting and feeding condition. However, whether and how the function of the circadian system of type 2 diabetes is affected in the process of entraining external time cues remains unknown yet. To address this issue, we first investigated the circadian expression of clock genes in the heart and pineal gland of a high-energy diet and low dose of streptozotocin (STZ, 40 mg/kg)-induced type 2 diabetic rats under the normal lighting and nighttime feeding condition. Next, we checked whether and how the resetting process of peripheral circadian genes and behavior activity of the type 2 diabetic rats are affected under the daytime restricted feeding (DRF) condition.
MATERIALS AND METHODS
Animals and experimental design. Male Wistar rats purchased from the China National Laboratory Animal Resource Center (Shanghai, China) were housed under a 12:12-h LD cycle at constant temperature (22 Ϯ 1°C). The onset of light was defined as Zeitgeber time 0 (ZT0); the onset of darkness was ZT12. Water was available ad libitum, whereas food was provided only in the dark period. Animals were allowed to accommodate to laboratory conditions for at least 1 wk. After accommodation, rats were divided into two groups with different dietary regimens. Rats in the control group were continually fed with basal diet (BD). The composition of BD was described previously (12a), and the mineral mix and the vitamin mix were prepared according to . Rats in the diabetic group were fed with high-energy diet (HD). HD was prepared by adding 20% sucrose (wt/wt) and 10% lard (wt/wt) into BD. After 4 wk of HD feeding, rats in the diabetic group were injected intraperitoneally with a low dose of STZ (40 mg/kg) at ZT2 on day 0 after 14 h fasting. Control animals were injected with vehicle (PBS) at the same time. The body weight and serum analysis (glucose and insulin levels) were carried out at ZT2 on day 5 after 14 h fasting.
To compare the effects of DRF on the peripheral clocks in diabetic rats with those in the control rats, the type 2 diabetic and control rats were adapted to the 12:12-h LD cycle for 1 wk and then divided into four subgroups [the diabetic rats: Dia-DRF group and Dia-nighttime restricted feeding (NRF) group; the control rats: DRF group and NRF group]. In the Dia-NRF and NRF groups, rats were killed at 4-h intervals during the daily cycle, starting at ZT0. In the Dia-DRF and DRF groups, rats were starved for 1 day and then subjected to the reversed feeding schedule for 5 days without altering the LD cycle. Next, these animals were sampled (4 rats/each time point) every 4 h on day 3 and day 5 after DRF treatment.
All of the rats were killed under anesthesia by intraperitoneal injection of 45 mg/kg pentobarbital sodium. The pineal glands and hearts were removed quickly, frozen immediately in liquid nitrogen, and kept at Ϫ80°C. Blood samples were centrifuged at 6,000 g for 5 min at 4°C and stored at Ϫ80°C. During the dark phase, the dissection was carried out under dim red light. All experiments were performed according to international ethical standards, and the study was approved by the Research Committee of Zhejiang University of Technology.
Measurement of serum glucose and insulin. Just before tissue isolation, blood was withdrawn from the rats immediately. The serum glucose levels were measured using a commercially available kit (Whitman Biotech, Nanjing, China). The serum insulin level was measured with an enzyme immunoassay kit (Mercodia, Uppsala, Sweden).
Analysis of locomotor activity. To analyze circadian rhythm of locomotor activity, rats (n ϭ 4/group) were housed in individual cages, and their behavior activity was monitored using an online personal computer equipped with CompACT AMS (Activity Monitoring System; Muromachi, Tokyo, Japan) by collecting data every 5 min. After rats adapted to a 12:12-h LD cycle and nighttime feeding condition for 1 wk, they were randomly divided into two groups as indicated above (the control group and the diabetic group). After the vehicle or STZ injection for 2 wk, the supply of food was changed in both groups from the dark to the light phase without altering the LD cycle. The results were displayed with a standard double-plotting actogram format.
RNA isolation and reverse transcription. Total RNA from the pineal glands and hearts was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions as described previously (14, 41) .
Real-time PCR. Real-time PCR was carried out using the SYBR ExScript PCR Kit (Takara Biochemicals, Dalian, China) in a total volume of 10 l. The primer sequences of the target genes [Bmal1, Per1, Per2, Cry1, AANAT, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)] used in the present study have been previously published (40) . The primer sequences for Rev-erb␣ were as follows: forward, ACAGCTGACACCACCCAGATC and reverse, CATGGGCATAG-GTGAAGATTTCT. The PCR amplification and quantification were carried out using an Eppendorf MasterCyclers ep RealPlex4 (WesselingBerzdorf, Germany) as described in our previous report (40) . Data were normalized to the amount of GAPDH.
Cosine wave analysis. The peak phase of each cycling gene was estimated from the peak time of the most highly correlated cosine wave as described previously (42) .
Data analysis. All data are presented as means Ϯ SE. The values for the mRNA levels are presented as relative values in all experiments. Data represent a percentage of the maximal gene expression level referring to each group. Statistical significance of mean differences in body weight, serum values, locomotor activity, or gene expression was evaluated using one-way or two-way ANOVA followed by the Student-Newman-Keuls test.
RESULTS

Biological characteristics of STZ-treated type 2 diabetic and control rats.
To examine whether the type 2 diabetes was successfully induced by HD and low-dose STZ injection, we measured the body weight, serum glucose, and insulin levels 5 days after the vehicle or STZ injection in the control and diabetic rats. There were no significant changes in the body weight and serum glucose level between the rats after 4 wk of BD or HD feeding, which is consistent with our previous report (38) . However, the body weight, serum glucose, and insulin levels were significantly altered 5 days after STZ injection. The body weight of diabetic rats was significantly decreased compared with the control rats (Fig. 1A) . Moreover, the serum glucose and insulin levels of the STZ-treated rats were 6.1-fold higher and 3.2-fold lower compared with those of the control rats, respectively (Fig. 1, B and C) . These results showed that relative insulin deficiency diabetes mellitus was actually induced by low-dose STZ injection.
Effects of STZ-induced type 2 diabetes on daily expression profiles of peripheral clock genes in rats. As shown in Figs. 2 and 3, the expression of all examined clock genes (Bmal1, Cry1, Per1, Per2, and Rev-erb␣) was detected in the heart and pineal gland over the course of a 24:12-h LD cycle both in the control and type 2 diabetic groups. There was a significant daily variation in the mRNA level of each clock gene (1-way ANOVA, P Ͻ 0.05). Each clock gene showed similar circadian Fig. 1 . Effects of streptozotocin (STZ)-induced diabetes on body weight and serum glucose and insulin levels in rats. The body weight (A) and serum glucose (B) and insulin (C) levels were compared 5 days after the vehicle or STZ injection between the control and diabetic groups. Each value represents the mean Ϯ SE derived from 5-6 animals. Differences between the different groups are analyzed by one-way ANOVA (**P Ͻ 0.01).
phases between the control and type 2 diabetic groups. In the heart ( Fig. 2 ), Bmal1 and Cry1 showed a circadian rhythm peak at ZT0, whereas Per1 and Per2 displayed a peak phase at ZT12 in both groups (cosine wave analysis, Table 1 ). As for Reverb␣, the highest mRNA level was found at the light phase of ZT8 (cosine wave analysis, Table 1 ). In the pineal gland ( Fig.  3) , similar patterns were observed in the daily expression oscillation of Bmal1 and Cry1, which also peaked at ZT0 in both groups (cosine wave analysis, Table 2 ), whereas the peak phases of Per1 and Per2 were observed in the dark phase of ZT16 (cosine wave analysis, Table 2 ), which were 4 h delayed compared with those in the heart. Similarly, Rev-erb␣ showed a 0ϳ4 h peak phase delay in the pineal gland compared with that in the heart (cosine wave analysis, Tables 1 and 2 ). However, the transcript levels of these clock genes were altered at some time points in the light phase by diabetes. For example, the transcript levels of Per1 were increased at ZT0, ZT4, and ZT8 in the heart of the diabetic rats compared with the control rats (1-way ANOVA, P Ͻ 0.05). Similar changes were also found in Per2 (ZT4 and ZT8), Rev-erb␣ (ZT0 and ZT4) in the heart, and Cry1 (ZT4 and ZT8) in the pineal gland (1-way ANOVA, P Ͻ 0.05). These changes of transcript levels altered the ratio of peak to trough (amplitude) of respective genes. The amplitudes of Per1 and Per2 in the heart of the diabetic group (2.5-and 2.8-fold) were decreased compared with those in the control group (5.88-and 15.4-fold). Similarly, the amplitude of Cry1 in the pineal gland of the diabetic group (1.6-fold) was also decreased compared with that of the control group (2.5-fold).
In addition, as shown in Fig. 3 , AANAT also showed similar circadian rhythm and transcript levels in both the control and type 2 diabetic groups (1-way ANOVA, P Ͻ 0.05), which peaked in the dark phase of ZT20 (cosine wave analysis, Table 2 ).
Effects of DRF on circadian gene expression in the heart of STZ-treated type 2 diabetic and control rats. The effects of DRF on the resetting properties of circadian rhythms in the heart of type 2 diabetic and control rats were examined on days 3 and 5 after restricted feeding (RF) treatment. The type 2 diabetic group in the above experiment is set as a Dia-NRF group in this and following experiments. The examined clock genes (Bmal1, Cry1, Per1, Per2, and Rev-erb␣) showed genespecific phase shift rates in the diabetic group. As shown in Fig. 4A , Bmal1, Per2, and Rev-erb␣ displayed a 4-to 8-h peak Fig. 2 . The daily expression profiles of circadian genes in the heart of diabetic and control rats under a normal light-dark (LD) cycle. The rats of the control and diabetic group were adapted to the 12:12-h LD cycle and nighttime feeding schedule for Ͼ1 wk. Next, animals were sampled at 4-h intervals of the daily cycle starting at Zeitgeber time (ZT) 0. The black bar at the bottom of each panel represents the duration of the dark phase of the 12:12-h LD cycle. The ZT24 value represents a replotting of the ZT0 value. Each value represents the mean Ϯ SE derived from four animals. Con, control; Dia, diabetic. ZT, Zeitgeber time. *The cosine fit was considered statistically significant when F was more than F0.05 (F Ͼ F0.05). Acrophase time was considered when the mRNA level at a given time point was within 95% confidence bounds of the acrophase. The phase shift is the time lag between the acrophase time in the diabetic (Dia) group and that in the control (Con) group. phase shift on day 3 (cosine wave analysis, Table 3 ), while the circadian patterns of Per1 and Cry1 were changed to reversed ones compared with those of the Dia-NRF group on the same day, showing a 12-h peak phase shift, respectively (cosine wave analysis, Table 3 ). Two days later, the peak phases of Bmal1, Per2, and Rev-erb␣ were shifted further, whereas Per1 and Cry1 showed retained circadian patterns on day 5 (Fig.  4B) . Finally, Bmal1, Cry1, Per1, and Per2 finished their reentrainment in 5 days, showing a 12-h peak phase shift, whereas Rev-erb␣ only displayed an 8-h phase shift and could not completely reset its circadian pattern within the same time course (cosine wave analysis, Table 3 ).
In addition, the resetting processes of clock genes in the heart of the control group were shown in Fig. 4 , C and D, which was consistent with our previous study (41) .
Effects of DRF on circadian gene expression in the pineal gland of STZ-treated type 2 diabetic and control rats. In the pineal gland of STZ-treated type 2 diabetic rats, RF treatment exhibited a weak effect on the phase shift of clock genes. As shown in Fig. 5A , only Cry1 and Rev-erb␣ showed a 0-to 4-h peak phase shift on day 3; the peak phases of other examined clock genes were even not changed on the same day (cosine wave analysis, Table 4 ). After 5 days of RF treatment (Fig.  5B) , the peak phases of Bmal1, Cry1, Per1, and Rev-erb␣ were shifted no more than 4 h compared with those of the Dia-NRF group (cosine wave analysis, Table 4 ). Per2 showed a relatively great phase shift of 8 h on day 5 (cosine wave analysis, Table 4 ). Moreover, as shown in Fig. 5, A and B, AANAT showed no phase shift on day 3 and only a 4-h peak phase shift on day 5 (cosine wave analysis, Table 4 ).
In addition, the resetting processes of clock genes in the pineal gland of the control group were shown in Fig. 5 , C and D. The peak phases of all examined clock genes (Bmal1, Cry1, Per1, Per2, and Rev-erb␣) and AANAT were not shifted on day 3 and day 5 after DRF treatment (cosine wave analysis, Table 4 ).
Effects of DRF on the locomotor activity rhythm of STZtreated type 2 diabetic rats. To clarify whether the diabetes mellitus would affect the DRF-induced phase-shift response of behavioral circadian rhythm, the locomotor activity rhythms were compared between rats in the control and type 2 diabetic groups. Representative double-plotting actograms of locomotor activity are shown in Fig. 6, A and B . We found that most of the daily activity was gathered at the beginning of the dark phase during the DRF treatment in the rats of the control group, whereas the activity rhythm of rats in the type 2 diabetic group was totally shifted from the dark phase to the light phase following the altered feeding schedule. By analyzing the locomotor activity data, we found that the nighttime and daytime activity was near 80 and 20% of the total daily activity before Fig. 4 . The effects of daytime restricted feeding (DRF) on circadian gene expression in the heart of diabetic and control rats. After adaptation to the 12:12-h LD cycle, the type 2 diabetic and control rats were starved for 1 day and then subjected to the reversed feeding schedule without altering the LD cycle. Next, the animals were sampled at 4-h intervals on day 3 and day 5 after DRF treatment. A: diabetic group, circadian gene expression on day 3 after DRF. B: diabetic group, circadian gene expression on day 5 after DRF. C: control group, circadian gene expression on day 3 after DRF. D: control group, circadian gene expression on day 5 after DRF. The black bar at the bottom of each panel represents the duration of the dark phase of the 12:12-h LD cycle. The ZT24 value represents a replotting of the ZT0 value. Each value represents the mean Ϯ SE derived from four animals.
the DRF treatment in both groups (Fig. 6, C and D) . This normal day/night activity pattern was quickly reversed within 5 days of DRF treatment in the type 2 diabetic group, but it could not be totally reversed in the control group after the DRF treatment.
Effects of DRF on the daily glucose levels of STZ-treated type 2 diabetic rats. As shown in Fig. 7A , the serum glucose levels remained high throughout the whole day in the rats of the Dia-NRF group, which showed circadian rhythm with higher values at ZT0 and lower values at ZT12 (1-way ANOVA, P Ͻ 0.05). After the shift of feeding schedule, the normal circadian rhythm of the glucose level was altered accordingly. The previous highest level of glucose at ZT0 was changed to the lowest one after 3 days of DRF treatment (Fig.  7B) . The glucose level of the diabetic rats was greatly increased after 4 h daytime feeding and kept up throughout the following daytime on day 3. The amplitude of daily glucose level in the Dia-DRF3 group (1.7) was enlarged compared with the Dia-NRF group (1.3). Moreover, the altered circadian rhythm of glucose level on day 3 was retained on day 5 (Fig. 7C) .
DISCUSSION
In the present study, a combination of high-energy intake and low-dose STZ injection produced frank hyperglycemia and relative insulin deficiency in Wistar rats, simulating the type 2 diabetic syndrome in humans. Similar methods have been successfully used to build an animal model for type 2 diabetes in Sprague Dawley rats (32) and Wistar rats (38) in previous studies. After the type 2 diabetic animal model was built, we examined the expression of circadian genes in the heart and pineal gland under the normal LD cycle and nighttime feeding condition. We found that the circadian expression of clock genes was generally conserved in the heart and pineal gland. Similar peak phases of examined clock genes were displayed between the control and diabetic group, but the transcript levels of these clock genes were affected at some time points in the light phase by diabetes (1-way ANOVA, P Ͻ 0.05). The amplitudes of Per1 and Per2 in the heart and that of Cry1 in the pineal gland were significantly decreased in the diabetic group compared with the respective ones of the control group, which suggested that the circadian rhythm of diabetic rats was slightly attenuated to a certain extent. Moreover, AANAT is the rate-limiting enzyme in melatonin formation (20) , and its circadian rhythm is under the direct control of the SCN clock. We found that the circadian expression of this gene in the diabetic group also resembled that in the control group, which suggested the circadian phase of the SCN clock was not altered in the normal LD cycle and nighttime feeding condition of the type 2 diabetic rats. These observations were consistent with the previous reports in the liver and adipose tissues of the type 2 diabetic GK rats (2) and also in the liver, kidney, and heart of the STZ-induced type 1 diabetic mice under normal LD cycle and ad libitum feeding (24) . In contrast, other studies demonstrated that the circadian phases of clock genes were advanced in the heart of STZinduced type 1 diabetic rats under a normal LD cycle and ad libitum feeding condition (17, 46) . Thus the impairment of the circadian clock by diabetes remains controversial.
To further examine the clock function of type 2 diabetic rats, we examined the DRF-induced resetting of clock genes in the heart and pineal gland. DRF greatly shifted the circadian phases of clock genes in the heart of type 2 diabetic rats within 5 days, which is consistent with the well-known fact that DRF can entrain most peripheral clocks not only in the normal rodents (9, 16, 35, 37, 41) but also in type 1 diabetic mice (24) within several days. Different from the observation in the heart, we found that the circadian rhythm in the pineal gland of type 2 diabetic rats was not greatly altered after 5 days of DRF treatment, which was similar to our previous study in the pineal gland of normal rats (40) . In addition to the similar effects indicated above, we also found that DRF-induced resetting of clock genes in the heart and pineal gland was more efficient in the type 2 diabetic rats than that in the normal rats. In the heart, the peak phases of Bmal1, Cry1, and Per1 were shifted by 8, 12 , and 12 h after 3 days of DRF treatment in the type 2 diabetic rats (cosine wave analysis, Table 3 ), which were not shifted for Bmal1 and only shifted by 8 h for both Cry1 and Per1 after the same DRF treatment in the normal rats (cosine wave analysis, Table 3 ). On day 5 after DRF, the peak phases of Bmal1, Cry1, Per1, and Per2 were all completely shifted by 12 h in the heart of type 2 diabetic rats (cosine wave analysis, Table 3 ); however, only Cry1 showed a 12-h peak shift in the heart of normal rats (cosine wave analysis, Table 3 ). Thus, the more accelerated resetting of clock genes in the heart of diabetic rats was obviously displayed in all examined clock genes on day 3 and Bmal1, Per1, and Per2 on day 5 after DRF. NRF, nighttime restricted feeding; DRF, daytime restricted feeding. *The cosine fit was considered statistically significant when F was more than F0.05 (F Ͼ F0.05). Acrophase time was considered when the mRNA level at a given time point was within 95% confidence bounds of the acrophase. The phase shift is the time lag between the acrophase time in the Dia-restricted feeding (RF) groups and that in the Dia-Con group or RF groups and that in the Con group.
Also, the two-way ANOVA analysis also found that there is a group ϫ feeding schedule interaction at the most shifted peak time point for these examined clock genes in the heart (2-way ANOVA, P Ͻ 0.05). Moreover, in the pineal gland, Bmal1, Cry1, and Per2 displayed 4-, 4-, and 8-h peak phase shifts in the type 2 diabetic rats on day 5 after DRF treatment (cosine wave analysis, Table 4), whereas the peak phases of these clock genes were not shifted in the normal rats after 5 days of DRF (cosine wave analysis, Table 4 ). As for AANAT, the circadian phase of this SCN-controlled gene was shifted by 4 h in the type 2 diabetic rats after 5 days of DRF (cosine wave analysis, Table 4 ), which was also not shifted in the normal rats on day 5 after DRF (cosine wave analysis, Table 4 ). These accelerated peak phase shifts of Bmal1, Cry1, Per2, and AANAT in the pineal gland of diabetic rats on day 5 were also confirmed by two-way ANOVA, which indicated a group ϫ feeding schedule interaction at each shifted peak time point for these genes (2-way ANOVA, P Ͻ 0.05). Because the pineal gland is not an autonomous oscillator, its circadian rhythm is tightly under the control of the SCN (11) . Therefore, the rhythmic changes of clock genes and AANAT in the pineal gland may reveal alterations of the circadian changes in the SCN to a certain extent, which suggest that DRF also shows stronger effect on the central circadian rhythm of the type 2 diabetic rats than that of the normal rats.
To confirm the effect of DRF on the reentrainment of circadian rhythm in the type 2 diabetic rats, we also investigated the locomotor activity rhythm of rats in the control and diabetic groups. We found that rats in both groups showed significant day/night activity rhythm in the normal LD cycle and nighttime feeding condition, which was consistent with a previous study in type 2 diabetic db/db mice (21) . After the DRF treatment, the peak phase of the daily activity was displayed at the beginning of the dark phase in the control group, suggesting the activity rhythm was under the control of the SCN clock, which was consistent with a previous report in normal mice (37) . However, the activity rhythm of rats in the type 2 diabetic group was completely shifted from the dark phase to the light phase after 5 days of DRF treatment, which was totally uncoupled from the SCN clock. This observation resembles the alteration of activity rhythm of SCN-lesioned mice under the DRF condition (37) . Thus, DRF shows stronger effect on the activity rhythm of the type 2 diabetic rats than that of the normal rats. This observation reminds us to check the feeding behavior of both groups of rats. We found that the diabetic rats ate nearly 1.3-fold as much as the control rats did under the DRF treatment. The enlarged food intake may enhance the entraining effect of DRF on circadian rhythm, which may be one reason for the stronger effect of DRF on the diabetic rats.
The mechanism by which DRF shows stronger effect on the reentrainment of circadian rhythm in the type 2 diabetic rats remains unclear. The high serum glucose level should be an important factor taken into account because glucose can effectively reset the peripheral clocks in vivo (34) and in vitro (5) . Moreover, Challet et al. (6, 8) showed that the circadian responses of mice to light are decreased by the reduced glucose availability or increased by the STZ-induced high serum glu- cose level. In the present study, we found that the serum glucose levels remained high throughout the whole day in the type 2 diabetic rats, showing a weak circadian rhythm, whereas Angeles-Castellanos et al. (4) showed lower but robust daily rhythm of serum glucose levels in normal rats under the ad libitum feeding. Thus, the serum glucose rhythm in the normal rats was more tightly coupled to circadian rhythm than diabetic rats. After the DRF treatment, the type 2 diabetic rats displayed an enhanced and robust rhythm of serum glucose level, which was in agreement with the observation in type 1 diabetic mice (24) . The peak phase of serum glucose was greatly shifted following the feeding schedule, suggesting the serum glucose level in type 2 diabetic rats was completely under the control of the external feeding schedule. In contrast, it was reported that the serum glucose level of normal mice was tightly controlled by the internal circadian system during DRF (24) . Thus, combining all the observations stated above, we suggested that the high serum glucose levels throughout the entire day may enhance the entraining signal from external time cues, i.e., feeding stimuli.
In addition, the SCN clock employs multiple nutrient, neural, and humoral signals to synchronize peripheral clocks and circadian behavior (15, 29) , among which the glucocorticoid hormone is another good candidate implicated in the entrainment of peripheral circadian clocks in mammals (12, 27) . We found that DRF can induce a bimodal temporal pattern of corticosterone secretion in normal rats, with the first peak appearing at the beginning of the day, depending on the feeding time, and the second one appearing just before the LD transition controlled by the SCN clock (43) , which was in good agreement with previous observations in normal mice under the DRF condition (22) . These observations suggest the secretion of glucocorticoid hormone is under the control of both internal SCN and external feeding schedule in normal rodents. In contrast, Oishi et al. (24) reported that 10 days of DRF treatment induced a single robust peak of serum corticosterone in type 1 diabetic mice (24) . Thus, the rhythm of glucocorticoid hormone is mainly controlled by the feeding schedule but not by the SCN in diabetic animals. Taken all together, the enlarged food intake and high serum glucose level may be two important reasons for the stronger effect of DRF on diabetic rats. Moreover, the abnormal feeding behavior will induce disordered metabolism, including altering the cellular redox state and levels of several other humoral factors such as insulin, glucagons, leptin, and free fatty acids, and such changes could also affect the circadian rhythm (13, 15) , which needs to be examined in future studies.
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